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REVIEW ARTICLE

A mechanistic evaluation of the potential for octamethylcyclotetrasiloxane to
produce effects via endocrine modes of action

John C. Matthews

Department of Biomolecular Sciences, University of Mississippi School of Pharmacy, University, MS, USA

ABSTRACT
This review is a hypothesis driven, mechanistic evaluation of the potential for octamethylcyclotetrasilox-
ane (D4) to produce any effects via endocrine modes of action. D4 is a volatile, lipophilic liquid used in
the production of high molecular weight dimethylsiloxane polymers. These are used in a variety of
industrial, medical, cleaning, and personal care products, and they may contain low levels of residual
D4. Low concentrations of D4 are found in the environment and there is potential for low level human
exposure. All of the measured environmental and workplace levels of D4 fall below no observed effect
levels (NOEL). Most of the effects of high dose D4 involve the female reproductive system. In the
mature intact female rat following chronic high dose exposure, D4 may cause inhibition of mating and
ovulation, decreased live litter sizes, small increases in the estrogen to progesterone ratio primarily
through decreases in progesterone, and increases in uterine hyperplasia. When endogenous estrogens
are very low, high dose D4 causes increases in some uterine parameters. To assess whether these high
dose effects can be attributed to an endocrine mode of action, endpoints are ranked for relevance and
strength, consistent with published concepts. When sufficient information is available the level of activ-
ity of D4 for producing the observed effect is compared with that of potent endocrines. The conclu-
sions reached are that all of the effects of D4 fall well short of any established criteria for D4 to be
capable of producing any adverse effect via an endocrine mode of action.
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Introduction

Because of its presence at low levels in consumer products
and the biosphere, several studies in animals, cells in culture,
and isolated receptors have examined the biological fate and
effects of D4. The focus of this review is to catalogue those
actions of D4 for which there is a hypothesis of a potential
endocrine system-related mode of action and to determine
the potential of these actions for producing adverse effects.
The information in this review encompasses all of the avail-
able data, from the earliest report in 1988 to the present, on
the potential endocrine system-related actions of D4. Most of

the data for D4 and decamethylcyclopentasiloxane (D5) are
from unpublished research reports from the Dow Corning
Corporation (DCC). Some of this data has also been pub-
lished. The author relied primarily on the original data for the
preparation of this review. Most of the in vivo studies have
employed the rat as the experimental subject. D4, only at
high doses (e.g. �300ppm for inhalational exposures), produ-
ces a variety of effects on female reproductive parameters.
The possibility that any of these effects on the female repro-
ductive system may be due to an endocrine mode of action
is evaluated according to the weight of evidence, tier 1
guidelines of the United States Environmental Protection
Agency endocrine disruptor screening program (U.S. EPA
2011) and the evidence for each potential endocrine system
effect is prioritized consistent with the hypothesis-driven
framework and endpoint rankings as described by Borgert
et al. (2011, 2014), de Peyster and Mihaich (2014), Mihaich
et al. (2017), Neal et al. (2017), and Mihaich and
Borgert (2018).

Properties of D4

D4 is a cyclic tetramer of dimethylsiloxane with an 8 mem-
bered, puckered ring of alternating silicone and oxygen
atoms with a molecular weight of 296.62 g/mole. Each sili-
cone has 2 methyl groups attached to it (Figure 1). The octa-
nol-water partition coefficient (logkow) for D4 is in the range

Figure 1. Space filling models of D4, DES, and E2 with the three molecules
overlayed in the lower frame.
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of 6 demonstrating its high lipophilicity (U.S. EPA DSSTox
database). Each oxygen of D4 has the capability of forming 1
equatorial hydrogen bond with water (NIH PubChem). This
gives D4 a limited water solubility of 1.89� 10�7 M at 23 �C
(Varaprath et al. 1996). The solubility of D4 is lower in artifi-
cial sea water (1.11� 10�7 M at 25 �C) (NIH PubChem). D4 is
relatively volatile with a vapor pressure of 1.05mm of Hg
at 25 �C in air at 1 atm (U.S. EPA DSSTox database).
This translates to a vapor saturation of 1382 ppm v/v, or
5.66� 10�5mol/l.

Exposure routes

The routes of exposure to D4 that are incidental or that have
been used for experimental exposures in animals and
humans include inhalation, oral, parenteral, dermal, and in
the water and sediments for aquatic animals. Only the high-
est single or repeated doses of D4 (e.g. >70 ppm for 6 h/day
for inhalation studies or >3.4� 10�5mol/kg/day for gavage
or subcutaneous (sc) administration) have been shown to
produce observable biological effects. In systems that are
not, or cannot, be sealed air tight (e.g. in vivo exposures or
in vitro cell-based receptor transcription assays) there is sub-
stantial evaporative loss of D4 (from surfaces or exhalation)
over extended periods (e.g. 24 h) (DCC 2001). Dermal expo-
sures (due, in part, to evaporative losses) have not been cap-
able of producing body burdens of D4 sufficient to produce
any observable biological effects (Jovanovic et al. 2008). Over
90% of D4 is lost to evaporation from the skin surface with-
out being absorbed.

Oral exposures are by ingestion or gavage. In a study to
determine if D4 could be administered to rats in their food it
was found that when high levels of D4 were mixed with rat
chow the animals would not eat it (DCC 1988). In some way
the presence of large amounts of D4 in the food rendered it
unpalatable to the animals. Gavage and parenteral exposures
involve administering the material to the animal as a bolus
dose. Due to its low water solubility and high lipophilicity
much of the D4 administered by these routes remains rela-
tively un-dispersed and, therefore, biologically less available
(Sarangapani et al. 2003). Much of gavage administered D4 is
excreted unchanged in the feces (DCC 1998c). Employing
vegetable oil (corn oil or sesame oil) vehicles to dilute D4 for
gavage administration produced higher uptake from the
gastrointestinal tract (51.95% for corn oil) than neat (28.14%)
or vehicles such as simethicone (12.11%) (DCC 1998c). The
vegetable oil vehicles served to enhance the dispersibility of
the material.

Experimental inhalation exposures have been nose only,
mouth only (humans), or whole body. Vapor levels in air are
highly sensitive to fluctuations in temperature, pressure, and
equilibration time factors. Levels of D4 in air at 300 ppm and
higher, used for experimental exposures, have been shown
to be at least partly aerosol. Inhalation of lipophilic aerosols
can produce a range of exposure artifacts (DCC 1995b;
Pauluhn 2019). Due to grooming behavior and other factors
whole body inhalation dosing in rats will result in some
exposure by the oral route. Although probably of small

consequence, this factor has not been addressed in any
reports or publications. Inhalation dosing has generally been
for 6 h as a single dose or 6 h/day, 5 days/week for the dur-
ation of the exposure period. Some inhalation exposures
have been every day, and some have been for 16 h/day.
During inhalation exposures food and sometimes water were
not available to the experimental subject. In general, inhal-
ation doses of D4 at less than 300 ppm have not been shown
to produce any endocrine system-related effects.

Partitioning

Due to its high lipophilicity, getting and keeping D4 in solu-
tion in the aqueous phase of the analytical milieu is problem-
atical. Lipophilic substances partition between water and less
polar phases. This process is governed by partition or adsorp-
tion coefficients. These coefficients are simple ratios of the
amount of substance in each phase, and as long as the two
phases are not saturated the concentration in each phase
will be a constant proportion of the total amount. Such
phases could be proteins, lipoproteins, membrane lipid cores,
cells, adipose tissue, aquatic sediments, etc. In most systems
we don’t know the magnitudes of these coefficients. The
overall effect will be a summation of the magnitude of each
coefficient and the capacity of each phase. Even at low levels
of D4 (near its aqueous solubility limit), where there are non-
polar partitioning phases available, most of the D4 will be
partitioned to these other phases and the aqueous concen-
tration will be a small fraction of the total.

Distribution, metabolism and excretion of D4

The distribution and half lives of D4 found in various tissues
following a single 6 h nose-only inhalation exposure of rats
to [14C]D4 is shown in Table 1 (Plotzke et al. 2000). These
parameters, in general, have not been measured for other
dosage forms. In rats 40–50% of inhaled doses are metabo-
lized to polar metabolites in the liver (75–80% dimethylsila-
nediol and methylsilanetriol, approximately 15%
tetramethyldisiloxane-1,3-diol, trimethyldisiloxane-1,3,3-triol,
and dimethyldisiloxane-1,1,3,3-tetrol, plus minor amounts
hexamethyltrisiloxane-1,5-diol and dimethyldisiloxane-
1,1,1,3,3-pentol. These are excreted in the urine. About 35%
of the dose is exhaled or evaporated from the skin as parent
D4 and 10–15% of the dose is excreted unchanged in the
feces (Plotzke et al. 2000).

Table 1. Retention and elimination of 6 h single dose nose-only inhalation
exposure to [14C]D4.

Dose (nose only 6 h) 7 ppm 70 ppm 700 ppm

Retention % of total dose 5.52 5.19 5.37
Tissue levels (mg/g tissue)/t1/2 (h)
Plasma 0.31/58 1.73/57 11.14/89
Fat 1.80/112 32.21/81 284.21V

R

/131
Liver 1.45/77 13.13/78 171.24/111
Lung 1.61/122 11.00/156 95.72/202
Ovary 1.32/68 18.77/61 151.41/117
Uterus 0.40/127 3.57/129 30.27/102

VR Peak level occurred at 3 h post dose. All others peak occurred at end
of dosing.

CRITICAL REVIEWS IN TOXICOLOGY 573



Environmental levels of D4

Because of its presence at low levels in consumer products
and its volatility, D4 can be found in the environment (Wang
et al. 2013; McGoldrick et al. 2014; Krogseth et al. 2017; Lee
et al. 2018; Nusz et al. 2018; Horii et al. 2021). In a study of
11 sewage treatment facilities from southeastern Canada
Wang et al. (2013) found low levels of D4 in sewage effluents
(�1.5� 10�9 M), surface waters receiving sewage effluents
(�8� 10�11 M), aquatic sediments (�5� 10�10mol/kg dry
wt.), and bio-solid amended soils (�8� 10�11mol/kg dry wt.).
These levels were among the highest environmental levels
found from any study anywhere in the world (Lee et al.
2018). The levels of D4 in the surface waters receiving sew-
age effluents were well below the NOEL (1.5� 10�8 M) for
rainbow trout, sheepshead minnow, and Daphnia magna
(Sousa et al. 1995).

D4 is degraded in soils, sediments, and sewage sludges by
clay catalyzed hydrolysis and by aerobic and anaerobic
microbial metabolism (Grumping et al. 1999; Xu 1999). In
mammals and other vertebrates D4 is metabolized to polar
metabolites in the liver (Plotzke et al. 2000). These are
excreted in the urine for terrestrial animals or through the
skin for aquatic animals (Varaprath et al. 1999; Andersen
et al. 2001). D4 has been found at levels up to 1.22 ppm in
landfill gases (Urban et al. 2009) and up to 8.3 ppm in waste-
water treatment digester gases (Griffin 2004). In the open
atmosphere D4 is subject to hydroxyl radical and UV cata-
lyzed degradation reactions with an estimated half life of
10 days (Mueller et al. 1995; Surita and Tansel 2014). Levels
of D4 in the open atmosphere have been measured at up to
3.7� 10�6ppm (Genualdi et al. 2011). In enclosed work place
environments where products containing D4 are manufac-
tured or in use atmospheric concentrations of D4 have been
measured as high as 34 ppm (Gentry et al. 2017). The NOEL
of D4 for whole body inhalational exposure of female
Sprague-Dawley (SD) rats and their pups at 6 h/day for
28 days prior to mating through gestation day 21 and from
lactation days 5–21 is >70 ppm (DCC 1995c).

D4 does not bio-accumulate beyond its
partitioning tendency

Several ecological studies have found no bio-accumulation
potential for D4 (e.g. Powell et al. 2017). After 3weeks of
daily dosing of rainbow trout with D4 in the feed at
5.06� 10�5mol/kg/day the body burden of D4 reached
4.32� 10�7mol/kg. This was estimated to be 70–75% of
steady state accumulation (Woodburn et al. 2013). Calculated
bio-magnification factors from this study were less than 1
demonstrating that D4 did not bio-accumulate with chronic
dosing beyond its partitioning tendency.

All of the in vivo and in vitro studies of the biological
actions of D4 have required levels of D4 in the animal or the
assay system to be well in excess of its aqueous solubility
limit to produce any measurable biological effects. In rats
and other mammals, due to partitioning, following single or
repeated exposures to high doses of D4 (e.g. � 300 ppm for
inhalation exposures), by various routes of administration,

blood and plasma levels of D4 were hundreds of times the
solubility limit of D4 (DCC 1998c). After 6months of daily
inhalational dosing of rats with D4 at 700 ppm for 6 h/day,
5 days per week, plasma levels were 4.4� 10�5 M and
abdominal adipose tissue levels were 4.2� 10�3mol/kg (DCC
1995d, 1995e, 2000a, 2019; Plotzke et al. 2000; Quinn, Dalu,
et al. 2007; Jean and Plotzke 2017).

In female Fischer-344 (F-344) rats there were no differen-
ces in adipose tissue radioactivity (9.57� 10�4mole equiva-
lents/kg) after a single dose of [14C]D4 administered by
whole body inhalation at 700 ppm for 6 h or after 14 days of
daily dosing (6 h/day) of unlabeled D4 at 700 ppm followed
by a single dose of [14C]D4 (DCC 2002b; Plotzke et al. 2000).
One observation in this study is that D4 partitions into deep
kinetic reservoirs, e.g. adipose tissue, with slow equilibration
kinetics (Plotzke et al. 2000). The label from the single dose
of labeled D4 following 14 days of unlabeled D4 may not
have had time to fully equilibrate with the unlabeled D4 in
these deep tissue reservoirs giving an underestimate of the
body burden of D4. D4, analyzed in adipose tissue by gas
chromatography/mass spectrometry following the single
exposure provided a good match with the radioactivity meas-
ures. This analysis was not performed for the 15 day expo-
sures. The D4 concentration in adipose tissue of female F-344
rats, measured by gas chromatography/mass spectrometry,
after inhalation exposure to 700 ppm for 5 days, at 6 h/day,
was 2.54� 10�3mol/kg (DCC 1999a). The higher levels of adi-
pose tissue D4 in this study relative to the [14C]D4 study may
be a reflection of incomplete equilibration of [14C]D4 with
unlabeled D4 in this deep kinetic reservoir of the body. After
6months of dosing of female F-344 rats with D4 by whole
body inhalation at 700 ppm for 6 h/day, 5 days/week, abdom-
inal adipose tissue concentrations were 4.2� 10�3mol/kg
(Jean and Plotzke 2017). These studies indicate that, due to
elimination of the parent compound through exhalation and
in the feces, and through metabolism in the liver and excre-
tion in the urine, D4 does not bio-accumulate beyond its par-
titioning tendency.

The endocrine system

The endocrine system is a chemical messenger system that
transmits information and instructions from tissue to tissue in
the body. These chemical signals, which generally travel
through the blood, interact with receptors on, or in, their tar-
get cells to produce physiological alterations in these cells.
Exogenous substances capable of directly interacting with
and modifying the endocrine system can be classified as
endocrine system modifiers. The ability of a substance to act
as an endocrine system modifier, of itself, is not an adverse
effect. An endocrine system modifier capable of producing
an adverse effect or effects, due specifically to its endocrine
mode of action may be classified as an endocrine disruptor.
The World Health Organization International Programme on
Chemical Safety (WHO/IPCS 2002) definition is: “A potential
endocrine disruptor is an exogenous substance or mixture that
possesses properties that might be expected to lead to endo-
crine disruption in an intact organism, or its progeny, or
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(sub)populations.” In 2017, the European Union (EU) set out
scientific criteria for the determination of endocrine-disrupt-
ing properties pursuant to Regulation EU No 528/2012 of the
European Parliament and Council (2012). The European
Commission then asked the European Food Safety Authority
(EFSA) and the European Chemicals Agency (ECHA) to
develop a guidance document for the implementation of the
scientific criteria for the determination of endocrine-disrupt-
ing properties (ECHA and EFSA 2018). According to the crite-
ria defined in this guidance document a substance shall be
considered as having endocrine disrupting properties if it
meets all of the following criteria. “a) It shows an adverse
effect in [an intact organism or its progeny]/[non-target organ-
isms], which is a change in the morphology, physiology,
growth, development, reproduction or life span of an organism,
system or (sub)population that results in an impairment of
functional capacity, an impairment of the capacity to compen-
sate for additional stress, or an increase in susceptibility to
other influences. b) It has an endocrine mode of action, i.e. it
alters the function(s) of the endocrine system. c) The adverse
effect is a consequence of the endocrine mode of action.” The
U.S. EPA (2011) has designated those substances that act dir-
ectly (with or without metabolic activation) as receptor ago-
nists or antagonists on estrogen, androgen, or thyroid
hormone receptors, substances that activate or inhibit andro-
gen or estrogen synthesis (steroidogenesis), and substances
that directly interact with the hypothalamic-pituitary-gonadal
axis (HPG) or the hypothalamic-pituitary-thyroid axis as sub-
stances in need of evaluation as potential endo-
crine disruptors.

In order for a chemical to act as a receptor agonist it
must be capable of binding in the agonist binding site of its
receptor and stimulating (activating) the receptor once
bound. Receptor antagonists must be capable of binding to
the receptor and interfering with the ability of the receptor
to be stimulated by its agonist. Binding between receptors
and their agonists or antagonists and the ability of the agon-
ist to stimulate the receptor require that the two molecules
“fit” together with very precise interactions. These include
high degrees of specificity for size, shape, charge, and chem-
ical properties. Co-activators, co-repressors, agents that inter-
fere with transport or storage of receptor agonists or
antagonists, and substances that act to enhance metabolic
breakdown of receptor agonists or antagonists, are indirect
secondary effects that do not meet the U.S. EPA criteria for
evaluation as potential endocrine disruptors.

The rat estrous cycle

Most of the reproductive effects that have been observed for
D4 occur only at high doses (e.g. �300ppm for inhalation
exposure) and have been associated with effects on the
estrous cycle. Much of this research has employed the rat as
the experimental subject. The normal estrous cycle in the
laboratory rat, which is strongly influenced by the 12:12 h
light-dark cycle, consists of 5 stages spanning 4 or 5 days.
Proestrus lasts for 12 h (lights on to lights off, 6 AM–6 PM).
Early estrus, late estrus, and metestrus last for about 12 h

each, and diestrus lasts for 48 or 72 h (Long and Evans 1922).
Low levels of progesterone and rising levels of estrogen in
late diestrus promote the resumption of follicular develop-
ment, which prepares some follicles for cyclic recruitment
(Garris and Foreman 1984). The increased follicle stimulating
hormone (FSH) levels during late proestrus and early estrus
recruit several follicles in the ovaries. As these cycle-recruited
follicles develop through late estrus, metestrus and diestrus
they secrete moderate, gradually increasing levels of estro-
gen. During early proestrus these follicles grow rapidly and
secrete rapidly increasing levels of estrogen that peak at
about 9–11 AM on proestrus and then fall to low levels by
the beginning of early estrus (Smith et al. 1975; Hebel and
Stomberg 1986; Quinn, Dalu, et al. 2007). The rapid and sus-
tained increase of estrogen to high levels during early proes-
trus releases the inhibitory effects exerted by moderate levels
of estrogen on gonadotropin releasing hormone (GnRH)
secretion from the hypothalamus. GnRH triggers surges of
luteinizing hormone (LH), FSH, and prolactin (PRL) from the
anterior pituitary. These gonadotropin surges peak late in the
afternoon of proestrus initiating the events that lead to ovu-
lation (Hashimoto et al. 1987; Quinn, Dalu, et al. 2007). The
rise in LH causes estrogen levels to fall and progesterone lev-
els to rise late in the afternoon of proestrus. Ovulation occurs
at about 4 AM the morning of early estrus, 10–12 h after the
LH peak. Rats ovulate spontaneously (mating not required)
and following ovulation the remainder of the follicles
develop into the corpora lutea. Female rats are sexually
receptive only during late proestrus and early estrus. When
no mating has occurred, the corpora lutea fail to develop
into their fully functional secretory state. These corpora lutea
achieve their maximum growth within 24 h and secrete pro-
gesterone that peaks during diestrus. Progesterone pauses
the development of primordial follicles prior to their cyclic
recruitment. Rising estrogen levels during late diestrus initiate
the cessation of progesterone secretion and then the PRL
surge of proestrus initiates the regression of these corpora
lutea, which progressively involute before the third estrous
cycle to form small scars (Yoshinaga 1973; Smith et al. 1975;
McCracken et al. 1999). Vaginal stimulation, as during mating,
relayed to the CNS by sensory neurons, induces twice daily
surges of PRL from the anterior pituitary (Lu et al. 1979;
Johnson 2007). These maintain the newly formed corpora
lutea and their secretion of progesterone (Gunnet and
Freeman 1983). Infertile mating leads to a state of pseudo-
pregnancy lasting about 10 days (McCracken et al. 1999).
Pseudo-pregnancy is characterized as a continued activity
of fully functional corpora lutea, which secrete moderate
levels of progesterone. Progesterone suppresses further
estrous cycling.

The stress response

Several authors have commented on the potential for a num-
ber of the effects seen following the exposure to D4 as being
secondary to activation of the stress response (e.g. Jean and
Plotzke 2017; Dekant et al. 2017a, 2017b; Pauluhn 2021).
Virtually any chemical substance will produce a stress
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response if the body burden approaches the limits that the
organism or person can tolerate (e.g. De Boeck et al. 1997;
Pruett et al. 2007). This was the case in all of the high dose
studies of the effects of D4 (e.g. �300ppm for inhalation
exposures) and many of the biological actions that are pro-
duced only by high doses of D4 are most probably primarily
due to stress-related effects on the female reproductive sys-
tem. The stress response is a physiological, endocrine-based
system that functions to maintain homeostasis in the face of
forces that work to alter this state. Stress is commonly
defined as a state of real or perceived (psychological) threat
to homeostasis. The stress response is mediated by hormones
of the hypothalamic-pituitary-adrenal axis (HPA). In this sys-
tem neurons in the paraventricular nucleus of the hypothal-
amus respond to stressful stimuli by releasing corticotropin
releasing factor (CRF) into the blood traveling to the anterior
pituitary gland. CRF stimulates the anterior pituitary to pro-
duce proopiomelanocortin, which is fragmented to form
adrenocorticotropic hormone, b-endorphin, a- and b-melano-
cyte stimulating hormone, and b-lipotropin. These are
secreted into the general circulation. CRF is also produced
and acts in peripheral tissues (Calogero et al. 1996).
Adrenocorticotropic hormone induces glucocorticoid synthe-
sis and release from the adrenal cortex. Glucocorticoid levels
have been found to be elevated in response to D4 exposure
(Wilson 1996; He et al. 2003; Jean and Plotzke 2017). D4,
administered to 129 J/C57Bl/6J mice by gavage in corn oil at
3.37� 10�3mol/kg/day for 7 days elevated glucocorticoid lev-
els by 6.3� fold (He, et al. 2003).

Pregnancy places the female under conditions of extreme
physiological demand. The functional interactions between
the HPA and the HPG serve to protect the female by prevent-
ing or terminating pregnancy when serious threats to
homeostasis exist.

Body weight and food consumption effects of D4 are
due to the stress response

Nose only inhalation exposure of rats involves constraining
the animal in a tube with its nose held in position to receive
the atmospheric exposure. Restraint stress is a well character-
ized phenomenon. Pauluhn and Mohr (1999) showed that
rats exposed to clean air by nose only exposure lost body
weight and exhibited reduced food and water consumption
compared to control rats that were held in their home cages
with no food or water for the same periods of time. This indi-
cates that the restraint stress alone is sufficient to cause
weight loss and reduction of food consumption in the test
animals. However, in both D4 and D5 exposure studies the
higher doses (�300 ppm for D4 or 160 ppm for D5) caused
greater weight loss and greater decreases in food consump-
tion as compared to the air only and lower dose exposed
animals indicating that D4 and D5 caused greater levels of
stress. In nearly every study in which body weights and food
consumption were measured, rats exposed to high doses of
D4 or D5 across multiple routes and durations of exposure
exhibited reduced food consumption (e.g. #4.0%�, SD rats)
and/or weight loss (e.g. #4.9%�, SD rats), or reduced weight

gain, and sometimes hunched posture and gait abnormalities
(DCC 1988, 1995a, 1995b, 1995c, 1996, 1997b, 1998a, 1998d,
1999b, 2001, 2004a, 2012; Quinn, Dalu, et al. 2007; Franzen
et al. 2017). These effects generally resolved after the first
3weeks of exposure even when daily dosing continued. An
important exception to this finding was for the F1 generation
offspring in a two generation exposure study (DCC 2001).
Other than an increase in mean body weight on post-natal
day 1 at only the 700ppm dose these animals showed no
changes in body weight from control groups (DCC 2001).
Initial activation of the HPA is potentially a major cause of
these effects. The non-persistence of body weight and food
consumption deficits can be attributed to the ongoing
actions of glucocorticoids and other hormones of the HPA to
bring the body back into, and maintain, a state of homeosta-
sis in the face of continued external forces that are working
to disrupt the homeostatic state. D5 served as a negative
control in some of the analyses of changes in uterine param-
eters. It is, therefore, rational to conclude that effects pro-
duced by both D4 and D5 are due to a nonspecific
stress response.

Blood chemistry changes produced by D4 exposure are
due to the stress response

Blood chemistry changes noted during chronic D4 exposures
(up to 1000ppm, by nose only inhalation, 6 h/day, 5 days per
week, for 4weeks) included increased glucose (1.22� fold),
increased cholesterol (1.17� fold), increased albumin (1.05�
fold), and increased total protein (1.04� fold) (DCC 1995a,
1995b). These changes were observed only in the highest
doses and returned to normal after 1 month of recovery.
Many of these blood chemistry changes are consistent with
the stress response, which works to mobilize nutrients from
storage and make them available to tissues to help those tis-
sues respond to the stressful situation (Rabasa and
Dickson 2016).

Actions of D4 to decrease thymus weights and increase
adrenal weights are due to the stress response

In female F-344 rats exposure to D4 (1000 ppm, by nose only
inhalation, 6 h/day, 5 days/week, for 4weeks) decreased thy-
mus weights by 29.4%� and increased adrenal weights by
112%� (DCC 1995a, 1995b, 1998a). Glucocorticoids cause a
rapid involution of the thymus and activation of the HPA in
response to stress is well documented to increase adrenal
weights (Klein et al. 1992; Moleriu et al. 2014).

Statistics

In this manuscript and its tables � indicates a statistically sig-
nificant (p� 0.05) difference from control. # indicates a statis-
tically significant (p� 0.05) difference from the highest dose
of the full agonist employed. Statistical tests employed and
group sizes are noted for many of the individual studies. In
several instances the author has converted group mean
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results to fold changes to streamline discussion of
the findings.

Relative effect estimates

A weak agonist is a substance that has low efficacy for pro-
ducing an effect on an endocrine receptor dependent pro-
cess. Relative effect estimates for the weak agonist (RE) are
calculated using Equation (1).

RE ¼ 0:1½Af�xðRRw=1�RRwÞ
½Aw� (1)

[Af] and [Aw] are the highest concentrations employed of the
full agonist and the weak agonist respectively. RRw is the
ratio of response of the weak agonist relative to the response
of the full agonist. The assumption here is that [Af] is �10
times its agonist affinity constant (KD). This calculation pro-
vides a conservative estimate of RE. Actual REs are prob-
ably lower.

Hypotheses and endpoint prioritization

The following six specific hypotheses are evaluated according
to concepts described by the U.S. EPA for the results of tier 1
endocrine system screening assays (U.S. EPA 2011). The evi-
dence for each hypothesis is prioritized consistent with the
framework and endpoint rankings described by Borgert et al.
(2011) and Borgert et al. (2014); de Peyster and Mihaich
(2014); Mihaich et al. (2017); Neal et al. (2017); Mihaich and
Borgert (2018).

Hypothesis 1: D4 has sufficient magnitude of ability to
upset the functional activity of the endocrine system via
an estrogenic mode of action

In vivo effects
Immature female rats, or mature ovaryectomized (OVX) rats
or mice dosed with D4 by gavage, sc, or whole body inhal-
ation showed increases in uterine weights, uterine fluid, uter-
ine luminal and glandular epithelial cell heights, uterine
peroxidase activity, and induction of the calbindin 9 K (CaBP-
9K) gene (DCC 1998d, 2003, 2004a, 2004b, 2004c, 2012; Lee
et al. 2015; McKim et al. 2001; He et al., 2003; Quinn, Dalu,
et al. 2007; Quinn, Regan, et al. 2007).

Rank 1. Ethinyl estradiol (EE), coumestrol, and D4, adminis-
tered by gavage in sesame oil for 4 days, produced dose-
dependent increases in absolute wet and blotted uterine
weights and in uterine epithelial cell heights in immature SD
and F-344 rats (DCC 1998d). The antagonist, ICI 182 780 (ICI),
of the alpha subtype of the nuclear estrogen receptor (ERa)
at 4.94� 10�6mol/kg/day co-administered with EE com-
pletely blocked the effects of EE. D4 co-administered with EE
caused a partial inhibition of the actions of EE. The doses
of D4 that were tested were 3.37� 10�3mol/kg/day,
8.43� 10�3mol/kg/day, 1.68� 10�2mol/kg/day, and
3.37� 10�2mol/kg/day. The lowest dose caused an increase
in liver weight in the F-344 rats, while 8.43� 10�3mol/kg/day
and higher doses were necessary to cause effects on body
weight gain and increases in uterine parameters. The results
for the highest concentrations tested are shown in Table 2.

These data support the conclusion that D4 is capable of
producing ERa-related actions by altering some uterine
parameters with much lower activity (REs
1.2� 10�6–5.3� 10�6) than EE and lower activity than the
phytoestrogen coumestrol. These data also demonstrate that
D4 has the ability to partially inhibit the actions of EE. ICI
was not co-administered with D4 or coumestrol and there
were no negative controls employed in this study. Statistical
analyses used in this study were two-tailed analysis of vari-
ance (ANOVA) with Dunnet’s t and Levene’s tests followed by
Welch’s t test with Bonferroni correction as needed. n¼ 12
per group.

Rank 1. D4 at 1.69� 10�3mol/kg/day or 3.37� 10�3mol/kg/
day, EE at 1.01� 10�8mol/kg/day, or ICI at 4.94� 10�9mol/
kg/day (administered 30min prior to D4 or EE), dissolved in
dimethylsulfoxide and diluted with corn oil, were adminis-
tered sc to immature SD rats for 4 days. Uterine weights were
increased 5 fold� by EE (Lee et al. 2015). This effect was com-
pletely blocked by ICI. D4 did not produce any increase in
uterine weight at either dose. Uterine protein extracts ana-
lyzed by SDS polyacrylamide gel electrophoresis, western
blotting, and chemiluminescence detection of antibody bind-
ing showed that EE increased uterine CaBP-9K protein
expression 166� fold. CaBP-9K protein was increased 1.53�#
fold and 2.27�# fold by D4 at 1.69� 10�3mol/kg/day and
3.37� 10�3mol/kg/day respectively. The REs for CaBP-9K
induction by the two dose levels of D4 were 5.55� 10�9 and
4.16� 10�9, respectively. ICI decreased CaBP-9K about 90%�

Table 2. Effects of EE, coumestrol, and D4 on some uterine parameters in immature rats.

Treatment Concentration Abs. uterine RE Rel. uterine RE Uterine

SD rats
Gavage in mol/kg wt." wt. " Epithelial
Sesame oil cell ht. "
EE 1.01� 10�7 4.69� fold 4.82� fold 2.61� fold
Coumestrol 5.59� 10�4 63.6%�# 3.15� 10�5 62.1%�# 2.96� 10�5

D4 1.69� 10�3 23.4%�# 1.83� 10�6 27.2%�# 2.23� 10�6 61.1%�#
D4 3.37� 10�3 43.9%�# 2.35� 10�6 51.3%�# 3.16� 10�6 95.7%�
EEþD4 55.1%�# 3.68� 10�6 63.5%�# 5.21� 10�6

F-344 rats
EE 1.01� 10�7 4.31� fold 4.36� fold 3.06� fold
D4 1.69� 10�3 16.7%�# 1.20� 10�6 19.3%�# 1.43� 10�6 34.3%�#
D4 3.37� 10�3 26.0%�# 3.12� 10�6 30.5%�# 5.30� 10�6 63.9%�#
EEþD4 63.5%�# 5.21� 10�6 70.4%�# 7.13� 10�6
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from the vehicle control value and completely blocked the
increases in CaBP-9K expression produced by EE or D4. The
data for CaBP-9K support the conclusion that D4 is capable
of producing an ERa-related action, but with much lower
activity than EE. There were no weak agonist controls
employed in this study. Statistical analyses were one-way
ANOVA and Tuckey’s test. n¼ 5 per group.

The Lee et al. study showed no D4-induced increases in
uterine weights or cell heights. The indication is that the
CaBP-9K induction assay is sufficiently more sensitive such
that the small increases were found. Several uterus-specific
ERa induction assays can be on the order of tens of fold
more sensitive than assays that measure increases in uterine
weight or uterine cell heights (Ashby 2001).

Rank 1. In OVX, 129 J/C57Bl/6J mice 17b-estradiol (E2)
(4.6� 10�8mol/kg/day), administered by gavage in corn oil þ
1% EtOH for 3 days, produced increases in absolute uterine
weights of 4.93� fold (He et al. 2003). At doses of
8.43� 10�3mol/kg/day and higher D4 administered by gav-
age in corn oil for 3 days, produced dose-dependent
increases in absolute uterine weights up to 61.0%�# of the
increase found for E2. The RE of this effect for D4 is
2.12� 10�6. The doses of D4 that were tested were
3.37� 10�5, 3.37� 10�4, 1.68� 10�3, 3.37� 10�3,
8.43� 10�3, 1.68� 10�2, and 3.37� 10�2mol/kg/day. The
uterine weight increases produced by D4 or E2 were com-
pletely blocked when ICI was administered (by gavage in
corn oil þ 5% EtOH, at 3.30� 10�5mol/kg) 30min prior to
D4 or E2 each day. In addition, D4 and E2 produced no effect
on uterine weight when administered to OVX, aERKO mice
(knock-out mice genetically lacking ERa) of the same strain.
Uterine peroxidase activity (measured as the rate of quaiacol
oxidation) was increased 10.8� fold in the OVX mice by E2 or
5.0�# fold by D4. The RE of this effect for D4 is 1.17� 10�6.
Negative controls D5, hexamethylcyclotrisiloxane,

decamethyltetrasiloxane, and octaphenylcyclotetrasiloxane)
all failed to produce any effects in these analyses when
administered by gavage at 1000mg/kg/day. In this study stat-
istical analyses were one-way ANOVA and Dunnett’s t test
with n� 6 per group.

These data demonstrate that D4 can produce ERa-related
actions by causing alterations in some uterine parameters
in vivo. The ability of D4 to produce these effects is much
lower than that of E2 (RE 1.17� 10�6). One problem with
these data resides in the fact that the vehicles used for the
E2 and ICI treatments were not the same as one another,
and they were not the same as the vehicle for D4 and the
control. An additional deficiency in this study was the lack of
measurement of the effect of D4 and E2 combined.

Rank 1. EE and genistein produced dose-dependent
increases in absolute wet and blotted uterine weights and
increases in uterine luminal and glandular epithelial cell
heights in OVX F-344 rats (DCC 2004a). D4 (tested only at
700 ppm by whole body inhalation exposure, for 16 h/day for
3 days) also produced increases in absolute wet and blotted
uterine weights and increases in uterine luminal and glandu-
lar epithelial cell heights in this study. D4 co-administered
with EE caused a partial inhibition of the action of EE. The
results for the highest concentrations tested are shown in
Table 3.

These data support the conclusion that D4 can produce
ERa-related actions by causing effects on some uterine
parameters in vivo. The ability of D4 to produce these effects
is much lower than that of EE (REs 2.14� 10�6–2.84� 10�6).
When co-administered with EE, D4 was able to partially
inhibit the action of EE on uterine weight increases, but not
on uterine cell height increases. A deficiency in this study
was that the controls for the D4 dosed animals were different
than the controls for the EE and genistein dosed animals.
There were no negative controls and no use of ERa

Table 3. Effects of EE, genistein, and D4 on some uterine parameters in OVX F-344 rats.

F-344 rats

Treatment Concentration Abs. uterine RE Abs. uterine RE

Sc in corn mol/kg/day wet wt. " blot. wt. "
Oil, 3 days
EE 1.01� 10�8 5.72� fold 4.34� fold
Genistein 1.85� 10�4 24.0%�# 1.72� 10�6 32.6%�# 2.64� 10�6

D4, whole body inhal. 2.37� 10�4 mol/kg@ 33.4%�# 2.14� 10�6 44.1%�# 3.36� 10�6

700 ppm 16 h/day 3 days
D4 þ EE 76.4%�# 79.3%�#
Treatment Rel. uterine Rel. uterine
Sc in corn wet wt. " blot. wt. "
Oil, 3 days
EE 1.01� 10�8 5.42� fold 3.95� fold
Genistein 1.85� 10�4 20.2%�# 1.38� 10�6 26.8%�# 2.03� 10�6

D4, whole body inhal. 2.37� 10�4 mol/kg@ 40.0%�# 2.84� 10�6 54.6%�# 5.13� 10�6

700 ppm 16 h/day 3 days
Treatment Uterine luminal Uterine glandular
Sc in corn Epithelial Epithelial
Oil, 3 days cell ht. " cell ht. "
EE 1.01� 10�8 2.80� fold 1.69� fold
Genistein 1.85� 10�4 12.3%�# 7.66� 10�7 46.3%�# 4.71� 10�6

D4, whole body inhal. 2.37� 10�4 mol/kg@ 36.2%�# 2.42� 10�6 71.4%�# 1.06� 10�6

700 ppm 16 h/day 3 days
D4 þ EE 93.90%� 93.50%�
@The measured D4 level in the blotted uterus was at least 2.37� 10�4mol/kg. This was measured some time after removal from the animals and there were no
precautions taken to prevent evaporative losses of D4 prior to extraction.
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antagonists in this study. Statistical analyses employed were
one-way ANOVA, Dunnett’s t, and Kruskal–Wallis with
Shirley’s tests as needed. n� 6 per group.

Rank 1. EE produced dose-dependent increases in absolute
and relative, wet and blotted uterine weights and in uterine
luminal and glandular epithelial cell heights in OVX SD and
F-344 rats (DCC 2004b). D4 (tested only at 700 ppm by whole
body inhalation exposure for 6 h/day for 3 days) also caused
increases in absolute and relative, wet and blotted uterine
weights and in uterine luminal and glandular epithelial cell
heights in both rat strains. D4 co-administered with EE did
not inhibit the abilities of EE to produce these effects. ICI
(4.94� 10�6mol/kg) co-administered with EE completely
blocked the uterine weight increases produced by EE alone.
The results for the highest concentrations tested are shown
in Table 4. These data support the conclusion that D4 can
produce ERa-related actions by causing alterations in some
uterine parameters in vivo. The ability of D4 to produce these
effects is much lower than that of EE. Deficiencies in this
study were the absence of weak agonist positive controls
and no co-administration of the ERa antagonist ICI with D4.
Statistical analyses employed were one-way ANOVA and least
squares means with n¼ 8 per group.

Rank 1. D4, 4-hydroxytamoxifen, and EE produced increases
in relative wet and blotted uterine weights and increases in
uterine luminal and glandular epithelial cell heights in OVX
F-344 rats (DCC 2012). Control animals received sesame oil
vehicle by gavage. Control animals were exposed to filtered
air for 6 or 16 h and sacrificed at the end of the exposure
period. EE and 4-hydroxytamoxifen dosed animals were
exposed to filtered air for 6 h and sacrificed at the end of the
exposure period. The results are shown in Table 5. These
data support the conclusion that D4 is capable of producing
ERa-related actions by causing alterations in some uterine
parameters in vivo. The ability of D4 to produce these effects
is much lower than that of EE. D5, 160 ppm (6 or 16 h) was
employed as a negative control. There was no ERa antagonist
used in this study, and there was no measure of D4 and EE
administered together. The controls for the 16 h/day D4
exposures and EE were not the same. Statistical analyses
employed were one-way ANOVA, with Kruskal–Wallis,
Levene’s, Shapiro–Wilk, Dunnett’s, Shirley’s, Fisher’s exact,
Jonckheere–Terpstra, and Wilcoxon’s tests as needed with
n¼ 6–8 per group.

Rank 1. In a chronic two generation D4 exposure study with
SD rats there were no observed estrogen-mediated develop-
mental effects in the F1 generation (DCC 2001). Dams were
exposed to D4 by whole body inhalation at doses of 0, 70,
300, 500, and 700 ppm per day, 6 h per day, for 70 days prior
to mating and through gestation day 21 and then the female
F1 offspring were exposed after lactation day 4 through mat-
ing with a breeding competent male, gestation, and delivery
of two successive litters. Anogenital distances in the male
and female F1 pups were not affected, and there were no
effects on vaginal patency in the F1 pups. Anogenital separ-
ation is a developmental estrogenic effect that is highly sen-
sitive to pup weight (Heinrichs 1985; Gallavan et al. 1999).
Mean pup weights were elevated only on post natal day one
only in the 700 ppm dosage group. There were no other dif-
ferences in mean pup weights and no differences in anogeni-
tal separation relative to the cube root of pup weight.
Vaginal patency (time to opening of the vagina) in rat pups
is also an estrogen-responsive developmental effect (Gellert
1978). Statistical tests employed in this study were one-way
ANOVA with Dunnett’s test, and chi square test with Yates
correction with n¼ 30 per group. Uterine parameters have
not been examined in immature F1 generation females in
any multi-generation D4 exposure study.

In vitro ERa transcription assays
In MCF-7 human breast cancer cells D4 increased the expres-
sion of mRNA for the pS2 gene (DCC 2000b). D4 increased
luciferase expression in MCF-7 cells transfected to express
luciferase in response to ERa activation (Quinn, Dalu, et al.
2007). D4 also increased CaBP-9K and progesterone receptor
mRNA expression in rat pituitary GH3 cells (Lee et al. 2015).

Rank 2. In the MCF-7 human breast cancer cell line E2 (up to
3� 10�10 M), bisphenol A (up to 2� 10�5 M), and D4, at
applied doses of 1� 10�7 M and greater (up to 1� 10�5 M)

Table 4. Effects of EE and D4 on some uterine parameters in OVX SD and F-
344 rats.

SD rats

Concentration Abs. uterine Abs. uterine
Treatment mol/kg/day wet wt. " blot. wt. "
EE, 3 days sc in corn oil 1.01� 10�8 5.25� fold 4.06� fold
D4, whole body inhal. 700 ppm 1.02�# fold 1.31�# fold
3 days, 6 h/day
D4 þ EE 4.98� fold 3.74� fold

Rel. uterine Rel. uterine
wet wt. " blot. wt. "

EE, 3 days sc in corn oil 1.01� 10�8 6.07� fold 4.05� fold
D4, whole body inhal. 700 ppm 1.78�# fold 1.28�# fold
3 days, 6 h/day
D4 þ EE 5.93� fold 3.85� fold

Uterine luminal Uterine glandular
epithelial epithelial
cell ht. " cell ht. "

EE, 3 days sc in corn oil 1.01� 10�8 2.41� fold 1.62� fold
D4, whole body inhal. 700 ppm 0.24�# fold 0.51�# fold
3 days, 6 h/day
D4 þ EE 2.37� fold 1.76� fold

F-344 rats
EE, 3 days sc in corn oil 1.01� 10�8 5.69� fold 3.80� fold
D4, whole body inhal. 700 ppm 1.32�# fold 1.16�# fold
3 days, 6 h/day
D4 þ EE 6.07� fold 4.04� fold

Rel. uterine Rel. uterine
wet wt. " blot. wt. "

EE, 3 days sc in corn oil 1.01� 10�8 5.30� fold 5.44� fold
D4, whole body inhal. 700 ppm 1.22�# fold 1.28�# fold
3 days, 6 h/day
D4 þ EE 5.66� fold 5.80� fold

uterine luminal uterine glandular
epithelial epithelial
cell ht. " cell ht. "

EE, 3 days sc in corn oil 1.01� 10�8 2.84� fold 1.90� fold
D4, whole body inhal. 700 ppm 0.37�# fold 0.47�# fold
3 days, 6 h/day
D4 þ EE 2.77� fold 1.76� fold

CRITICAL REVIEWS IN TOXICOLOGY 579



added to the culture as ethanol solutions with incubations
for 24 or 48 h, produced dose-dependent increases in pS2
gene mRNA expression (DCC 2000b). D4 was progressively
lost from these assays by evaporation plateauing at about
12 h at about 10% of the applied dose. There were no differ-
ences in the maximum level of pS2 reporter gene mRNA
expression produced by the 3 compounds and there was no
inhibition of E2 response when E2 and D4 were administered
together. REs calculated from the linear portions of the
slopes of the dose-response relationships, were 1.35� 10�5

and 1.61� 10�5 for D4 and bisphenol A respectively. These
data support the conclusion that D4 is capable of causing an
ERa-related action but with much lower activity than E2.

D4 showed the same maximal effect as E2 in the MCF-7
pS2 induction assay and it did not reduce the maximal effect
of E2 in this assay. This is an indication that activation of
only a small fraction of the receptors available in this system
is required to produce the maximal effect. In an extremely
sensitive system like this where there are spare receptors, full
agonists and weak agonists are likely to be able to produce
the same maximal effect and inhibition of the full agonist by
the weak agonist will most likely not be observed
(Matthews 1993).

Rank 2. In the MCF-7 human breast cancer cell line, trans-
fected to express luciferase in response to ERa activation, EE
(1� 10�11 M � 3� 10�8 M), bisphenol A (doses 1� 10�7 M
� 2� 10�5 M), and D4 only at the highest dose tested
1� 10�5 M) added to the culture as ethanol solutions with
incubations for 24 or 48 h produced dose-dependent
increases in luciferase expression (Quinn, Regan, et al. 2007).
At the highest doses EE, bisphenol A, and D4 produced
37.6�, 9.6�#, and 6.4�# fold increases respectively in luciferase
expression. REs were 1.71� 10�7 and 6.15� 10�7 for bisphe-
nol A and D4 respectively. These data support the conclusion
that D4 is capable of producing an ERa-related action, but
with lower activity than bisphenol A and much lower activity
than EE.

Rank 2. E2 at 1� 10�9 M and D4 at 1� 10�5 M in dimethyl-
sulfoxide (0.1% in the media) produced 43.2� and 1.27�# fold
increases respectively in CaBP-9K mRNA expression in rat
pituitary GH3 cells in culture (Lee et al. 2015). The RE of D4
for this action was 3.0� 10�7. ICI, at 1� 10�7 M, reduced the
control level of CaBP-9K to about one half� and when added
30min before E2 or D4 completely blocked the increases pro-
duced by E2 or D4. In the same experiments E2 and D4 pro-
duced 4.5� and 1.4�# fold increases in progesterone receptor
mRNA expression. The increases in progesterone receptor
mRNA expression were completely blocked by ICI. The RE of
D4 for this action was 4.5� 10�6. These data support the
conclusion that D4 is capable of producing some ERa-related
actions, but with much lower activity than EE.

Displacement of E2 binding from isolated ERa
Rank 3. D4 at 4� 10�5 M produced a displacement of 8%�
of bound [3H]E2 from human recombinant ERa (He et al.
2003). The concentration of E2 required to displace the same
amount of [3H]E2 was estimated to be about 5� 10�11 M.
The RE for D4 was 	1.3� 10�6 in this measurement.

Rank 3. D4, at a measured concentration of 4.5� 10�7 M in
air tight reaction vessels, produced a displacement of 18%�
of [3H]E2 from purified human ERa (Quinn, Regan, et al.
2007). The concentration of unlabeled E2 required to produce
the same level of displacement as that produced by D4 was
estimated to be <1� 10�11 M. The RE for D4 was
	2.2� 10�5 in this measurement.

The difference in the Quinn et al. report compared with
the He, et al. report is probably due to evaporative losses of
D4 during the incubations in the He et al. report. This pro-
cedure incubated the mixtures for 30min at 37 �C without
controlling for evaporative loss. The report by Quinn, Regan,
et al. used air tight reaction vessels to prevent evaporative
losses during the 4 h incubation period at 37 �C.

Table 5. Effects of EE, 4-hydroxytamoxifen, and D4 on some uterine parameters in OVX F-344 rats.

F-344 rats

Treatment Concentration Rel. uterine RE Rel. uterine RE

3 days gavage mol/kg/day wet wt. " blot. wt. "
in sesame oil
EE 3.37� 10�7 3.75� fold 2.64� fold
4-Hydroxytamoxifen 2.58� 10�7 0.89�# fold 4.05� 10�2 1.06�# fold 8.78� 10�2

D4, whole body inhal. 700 ppm 1.13�# fold 1.25�# fold
3 days, 6 h/day
D4, whole body inhal. 700 ppm 2.52�# fold 2.20�# fold
3 days, 16 h/day

Uterine luminal Uterine glandular
epithelial epithelial
cell ht. " cell ht. "

EE 3.37� 10�7 1.68� fold 1.37� fold
4-Hydroxytamoxifen 2.58� 10�7 2.47�# fold 1.47� fold
D4, whole body inhal. 700 ppm <0# fold 0.19�# fold
3 days, 6 h/day
D4, whole body inhal. 700 ppm 2.17�# fold 0.64�# fold
3 days, 16 h/day
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These displacements by D4 fall below the 50% cutoff
specified by the U.S. EPA for consideration as potential endo-
crine disruptors (U.S. EPA 2011).

Discussion of hypothesis 1 results

As shown by Borgert et al. (2018) weak agonists with REs
below 1� 10�4 are incapable of producing measurable
effects in any but the most sensitive situations. D4 causes
weak changes in some uterine parameters in naïve immature
rats during the brief window in time when the uterine tissues
are becoming sensitive to estrogen but endogenous estrogen
levels are very low. The finding that estrogen-mediated
developmental effects of D4 were not observed with chronic
exposure in the two generation exposure study is an indica-
tion that the estrogen system undergoes adjustments that
overcome any possible effects of a weak agonist that is not
strong enough to upset the functional integrity of
the system.

Each of the ranked in vivo and in vitro ERa-related actions
produced by D4 is in the range of millions of times weaker
than those produced by full agonists such as E2 or EE (REs
generally in the 1–5� 10�6 range). In addition, high doses of
D4 (e.g. � 300ppm for inhalation exposures) produced small
decreases in the maximum effects of E2 or EE in some of the
measurements when the two compounds were administered
in combination (REs in the 3–7� 10�6 range, Table 2).

Receptor interaction with the terminal oxygens of estro-
gens is critically important for the stimulation of the receptor.
The wide range of structures that have been shown to pro-
duce stimulation of the ERa receptor (phytoestrogens, pesti-
cides such as o,p-DDT and chlordecone, surfactants such as
octyl and nonyl phenol, phthalates, polychlorinated biphen-
yls, and an extensive variety of others) is an indication that
the lipophylic portion of the agonist binding site of this
receptor is capable of accommodating a wide range of
shapes. When the two terminal oxygens of these molecules
are spaced appropriately to be able to interact with the
receptor these molecules can produce some receptor stimu-
lation. As shown for the Rank 3 data in hypothesis 1, D4 has
a real, although poor, ability to displace E2 from isolated ERa.
Examination of molecular models of D4 compared with those
of E2 and diethylstilbestrol (DES) shows that D4 is approxi-
mately the same length as the lipophilic portions of these
potent ERa agonists (Figure 1). This means that D4 may be
able to fulfill the size and shape requirements for being able
to bind in the agonist binding site of ERa. However, the poor
ability of D4 to displace bound E2 from ERa indicates that it
does not “fit” very well into the agonist binding site. D4 lacks
the terminal oxygen groups critical for ERa activation.
Theoretically, two water molecules hydrogen bonded to oxy-
gens of D4 at the 1 and 5 positions of the ring can provide
OH groups (from the water molecules) located in approxi-
mately the same 3-dimensional positions as the 2 OH groups
of E2 or DES (Figure 1). It is, therefore, possible that D4-1,5-
dihydrate can bind in the agonist binding site of ERa and
produce limited stimulation of the receptor. Due to the rela-
tively weak association of the hydration waters with D4 and

the poor “fit” of the molecule in the agonist binding site, it is
assumed that this molecular association will not be very
effective at producing and stabilizing the stimulated con-
formation of the receptor resulting in very low potential for
producing biological effects through this mechanism.

Other cyclic dimethylsiloxanes, e.g. D5, do not produce
the ERa-related effects that have been shown for D4. These
other dimethylsiloxanes lack the size and shape characteris-
tics to allow them to enter and bind in the ERa agonist bind-
ing site (Paech et al. 1997). Similarly, D4 has been shown to
be incapable of producing any activation-related effects with
the beta isoform of the nuclear estrogen receptor (He et al.
2003) probably because it cannot fulfill the requirements for
a proper “fit” in this receptor binding site.

Displacement of bound steroid hormones from carriers in
the blood
Generally, only about 1–2% of steroid hormones in the blood
are unbound. As shown by Jury et al. (2000) some phytoes-
trogens and other lipophilic substances are capable of dis-
placing bound E2 from human plasma steroid hormone
binding globulin in vitro. As described under Partitioning
high doses of D4 produce blood and plasma levels of D4
hundreds of times greater than its solubility limit demonstrat-
ing that most of the D4 in blood is adsorbed to or seques-
tered by blood components. It is probable that D4 is capable
of displacing bound steroid hormones from their carriers in
the blood similar to its ability to displace binding of E2 from
isolated ERa receptors. Affinities of steroid hormones for
binding to serum albumin (a major steroid hormone carrier
in the rat) are on the order of 10,000 fold lower than for their
receptors (Hammond 2016). In general, lower binding affin-
ities correlate with reduced binding specificities (Eaton et al.
1995). D4 as a displacer could, therefore, be proportionately
better able to displace steroid hormones from their blood
carriers and other physiological reservoirs relative to its ability
to displace bound E2 from ERa. If D4 displaces bound steroid
hormones from their carriers in the blood and from other res-
ervoirs it would make a larger proportion of these steroid
hormones available for access to their receptors and for
metabolic conversions. In addition, stress-related activation of
the HPA has been shown to increase the levels of aromatase
in a variety of tissues throughout the body (e.g. Zhao et al.
2004; Bell et al. 2014). This would be especially relevant in
highly sensitive situations such as uterotropic assay systems,
where estrogens are normally present at very low levels.
Enhanced availability of endogenous androgens and
enhanced conversion of these to estrogens could represent
an important contribution to the observed abilities of D4 to
cause changes in some uterine parameters.

One important difference between rats and humans is the
absence of sex steroid hormone binding proteins in rat
blood. The affinity of human sex steroid hormone binding
protein for E2 is 1� 10�8 M and for testosterone is 3� 10�9

M (Martin et al. 1995). The affinity of E2 for sex steroid bind-
ing protein is about 10 fold lower than for nuclear estrogen
receptors and the affinity of E2 for serum albumin is about
10,000 fold lower than for nuclear estrogen receptors
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(Hammond 2016). This means that D4 would be substantially
less able to displace endogenous steroid hormones from
blood carriers in humans compared with rats. If the displace-
ment mechanism turns out to represent an important contri-
bution to the ability of D4 to produce ERa-related effects it
would be much less of a factor in humans.

Membrane G protein-coupled estrogen receptors (GPER)
GPERs activate protein kinases and other second messenger
systems in the cell to accomplish rapid responses to estrogen
(Zhou et al. 1996; Prossnitz and Barton 2009). The affinities of
E2 for GPERs are relatively unaffected across widely divergent
genera (3.3� 10�9 M for humans versus 2.7� 10�9 M for
croaker fish) and these are about an order of magnitude
lower than its affinity for ERa (1.3–6� 10�10 M for humans
and 4–6� 10�10 M for croaker fish) (Thomas et al. 2010). This
would require higher estrogen concentrations to activate
relative to those required for activation of ERa, as during
early proestrus. The increased rapidity of response, and the
higher concentrations required, make estrogen binding to
GPER in the hypothalamus a good candidate for the trigger-
ing mechanism for the pre-ovulatory surges of PRL, LH, and
FSH. Due to the lower affinity of GPER for estrogens, D4
could be better able to displace estrogen binding to GPER
relative to ERa rendering a greater proportion of the GPER
agonist binding sites unavailable. However, there is no spe-
cific data for the ability of D4 to bind to and activate or
inhibit GPER.

The foregoing ranked studies indicate that D4 is capable
of producing some ERa-related effects, both in vivo and
in vitro. D4 is generally millions of times weaker in these
actions relative to endogenous estrogens. It is extremely
unlikely that incidental exposures to D4 could ever be of suf-
ficient magnitude to produce any detectable endocrine-
related or other biological effects in humans or animals.
Therefore, the hypothesis that D4 has sufficient magnitude of
ability to upset the functional integrity of the endocrine sys-
tem via an estrogenic mode of action is not supported.
However, in a recent review from the Technical University of
Denmark and the Danish Center for Endocrine Disruptors
(CeHoS 2018) the authors concluded that “There is strong evi-
dence for an estrogenic mode of action of D4, and strong evi-
dence for adverse effects on female reproductive system that
can be related to this estrogenic mode of action of D4 together
with an endocrine mode of action through LH.” and recent
regulatory actions in Europe have classified D4 as toxic for
reproductive category 2 (Hass et al. 2018). Statements and
conclusions that suggest adverse or toxic endocrine system-
related effects from low dose exposures based solely on
extrapolations of data from high dose exposures are reflect-
ive of the failure of the evaluators to examine the mecha-
nisms involved in producing observed effects that occur only
at high doses.

One argument that has been put forth to justify the haz-
ard classification is that even low doses of potential endo-
crine system modifiers (at NOEL levels) can be hazardous
since we are being exposed to mixtures of chemicals that
may have similar activities, the additive effects of which can

place us in the hazard zone. This argument has no basis in
reality. Taking data for D4 from Table 2, we find that the
apparent a value (efficacy term) and apparent dissociation
constant for D4 (KDD4) for the effect of producing increases
in absolute uterine weights (E) are approximately 0.44 and
4.3� 10�3mol/kg respectively. Applying these values to
Equation (2) for the effect of a weak agonist added to a
strong agonist (equation 113 from Matthews 1993) when the
strong agonist is present at its KD concentration and D4 is
present at its highest observed NOEL (3.4� 10�5mol/kg)
gives a 0.03% change in effect from the strong agonist alone.

EEE;D4
Emax

¼ 1
KDEE
½EE� 1þ ½D4�

KDD4

� �
þ 1

þ a
KDD4
½D4� 1þ ½EE�

KDEE

� �
þ 1

(2)

If we add 9 additional weak agonists with similar a and KD
values at their observed highest NOELs we might, in the
most extreme circumstance, achieve a cumulative effect of
up to approximately 1% relative to the strong agonist alone.
This level of change is irrelevant. Only when exogenous
agonist ERs reach at least 1� 10�4 relative to endogenous
agonists will these have sufficient potential alone or in com-
binations to be able to upset the functional integrity of the
endocrine system (Borgert et al. 2018).

Hypothesis 2: D4 has sufficient magnitude of ability to
upset the functional activity of the endocrine system via
an androgenic mode of action

Only very minor effects have been shown to be produced by
D4 on the reproductive system in males. No effects have
been found for D4 exposure in pre-pubertal males.

Rank 1
There was no effect in the Hershberger assay with castrated
male F-344 rats exposed to D4 at 700 ppm by whole body
inhalation for 16 h/day for 10 days (Quinn, Regan, et al. 2007).

Rank 1
Male F-344 rats had a 34.5%� decreased survival rate when
exposed to D4 by whole body inhalation, at 700 ppm, for
6 h/day, 5 days/week from 50 to 108weeks of age (DCC 2001;
Burns-Naas et al. 2002; Jean and Plotzke 2017). This was
attributed to increased mononuclear cell leukemia, a com-
mon finding in aged F344 rats. There were also D4-induced
increases in relative testis weights (1.28� fold) and in testis
interstitial cell hyperplasia (15%�) in these studies. Due to
the relatively high aging-related incidence of testis interstitial
cell adenoma in this rat strain, and the absence of any other
established androgenic effects it is unlikely that D4 is produc-
ing its effects on the testis through any action on andro-
gen receptors.

Rank 3
In some D4 dosing studies the presence of ejaculatory plugs
in the caging was noted, but the numbers of plugs did not
exceed the average daily production for unexposed,
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unrestrained rats (DCC 1995c, 1997b, 2001). Spontaneous
ejaculation occurs in several mammalian species. In some
species, including rats and mice, this is evidenced by the
presence of white, waxy appearing ejaculatory plugs found
on the trays under cage floor screens. Ejaculatory plugs are
essential for successful fertilization in rats. They have a sperm
reservoir on the rostral surface and during copulation they
are deposited in the vagina in close apposition to the cervix.
They serve to seal the vagina and insure completion of trans-
cervical migration of sufficient numbers of sperm to com-
plete fertilization (Blandau and Jordan 1941). On average,
unrestrained, single housed male rats produce 2–3 ejacula-
tory plugs per day (Reynolds et al. 2010). Normally, the ani-
mals will consume these plugs if they can access them and,
therefore, they are not observed. The most probable explan-
ation for the presence of these ejaculatory plugs is that they
contained sufficient amounts of D4 to render them unpalat-
able to the animals (Reynolds et al. 2010).

Based on these findings the hypothesis that D4 has suffi-
cient magnitude of ability to upset the functional activity of
the endocrine system via an androgenic mode of action is
not supported.

Hypothesis 3: D4 has sufficient magnitude of ability to
upset the functional activity of the endocrine system via
a thyroid hormone mode of action

Rank 1
In a two generation study, after exposure to D4 at 700 ppm
for 70 days at 6 h/day by whole body inhalation, relative thy-
roid weights were increased in F0 generation male SD rats by
140%� (DCC 1997a, 2001). Lower D4 doses produced no sig-
nificant effect. These thyroid weight changes resolved 1-
month post exposure. D4 caused thyroid follicular hyper-
trophy in F1 females in these studies. D4 at high doses (e.g.
700 ppm) produces blood and plasma levels of D4 hundreds
of times greater than its solubility limit. This demonstrates
that most of the D4 in blood or plasma is adsorbed to or
sequestered by blood components. It is possible that D4 may
interfere with binding of thyroid hormone to thyroid hor-
mone carriers in the blood. Decreased blood carrying cap-
acity for thyroid hormone could result in reductions in
thyroid hormone availability. D4 induction of liver enzymes
(DCC 1995a, 1995b, 1997a, 1998b, 1998c, 1998d, 1998e,
1999a, 2001, 2000c, 2019; Zhang et al. 2000) can reduce thy-
roid hormone availability by accelerating the metabolic
breakdown of thyroid hormone (Hood et al. 1999). Various
causes of thyroid hormone deficiency, e.g. iodine deficiency,
can cause thyroid gland hypertrophy (Denef et al. 1981).

Discussion of hypothesis 3 results
The thyroid related effects of D4 occur only at high doses
and only after prolonged exposures. Mechanisms other than
an endocrine mode of action can possibly explain these
effects. Therefore the hypothesis that D4 has sufficient mag-
nitude of ability to upset the functional activity of the endo-
crine system via a thyroid hormone mode of action is not
adequately supported.

Hypothesis 4: D4 has sufficient magnitude of ability to
upset the functional activity of the endocrine system via
a steroidogenic mode of action

Rank 1
In estrus cycle staged SD rats whole body inhalation of D4 at
700 ppm for 6 h/day for the 3 days leading into proestrus
increased E2 levels by 2.68� fold (DCC 2002a). E2 levels at
the end of diestrus were increased by 1.14� fold. No differen-
ces were found in E2 levels at 10 AM of proestrus.

Rank 1
At doses of 3.37� 10�3mol/kg/day and greater D4, adminis-
tered to 129 J/C57Bl/6J mice by gavage in corn oil for 7 days
produced dose-dependent decreases (up to 45%�) in serum
E2 (He et al. 2003). This study did not control for the stages
of the estrous cycle. Therefore, the changes in E2 levels can-
not be interpreted.

Rank 1
Whole body inhalation exposure of F-344 rats to D4 at
700 ppm for 6 h/day, 5 days/week from 50 to 108weeks of
age showed alterations reflective of an estrogen dominant
character (Jean and Plotzke 2017). These included endomet-
rial hyperplasia ("31.4%�), non-significant increases in benign
endometrial adenomas, and increases in absolute and relative
uterine weights (1.46� fold and 1.53� fold respectively).
Vaginal lavage sampling showed extended proestrus-estrus
during weeks 50–79 and increased frequency of proestrus-
estrus during weeks 80–108. Vaginal histology showed
increased vaginal epithelial thickness (Jean et al. 2017).
Dopamine inhibits PRL secretion from the pituitary (MacLeod
and Lehmeyer 1974). Chronic stress increases hypothalamic
synthesis and release of dopamine. Inhibition of PRL secre-
tion decreases ovarian progesterone synthesis and release
thereby increasing the estrogen to progesterone ratio, end-
ing pseudo-pregnancy, and persistently stimulating the uter-
ine endometria (Alison et al. 1990). These changes do not,
necessarily, require changes in estrogen levels.

Discussion of hypothesis 4 results
Blood levels of ovarian estrogens fluctuate widely according
to the stage of the estrous cycle. Gonadotrophic hormones,
feedback regulation, and metabolic breakdown all contribute
to control of ovarian estrogen levels across the estrous cycle.
Available data do not permit an evaluation of the ability of
D4 to influence blood ovarian estrogen levels. Therefore, the
hypothesis that D4 has sufficient magnitude of ability to
upset the functional activity of the endocrine system via a
steroidogenic mode of action is not supported.
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Hypothesis 5: D4 has sufficient magnitude of ability to
upset the functional activity of the endocrine system via
direct effects on the HPG

Rank 1
In a two generation exposure study with SD rats, dams were
exposed to D4 by whole body inhalation at doses of 0, 70,
300, 500, and 700ppm per day, 6 h per day, for 70 days prior
to mating and through gestation day 21 and then the F1
female offspring were exposed after lactation day 4 through
mating with a breeding competent male, gestation, and
delivery of two successive litters (DCC 2001). The F1 gener-
ation females exposed at 700 ppm showed decreases in mat-
ing. Lower dose groups were not different from the controls.
The number of control females with no evidence of mating
was 3.3% compared with 26.7%� for the 700 ppm D4 treated
animals. All of the control females that mated became preg-
nant compared with only 77.3%� of the mated 700 ppm D4
treated animals.

Reproductive effects that were observed in this study
were live litter size and fertility index reductions for the F0
and F1 dams at the 500 and 700 ppm dosages. Inhalational
dosages of 300 ppm and lower were not different from con-
trols. Statistical tests employed in this study were one-way
ANOVA with Dunnett’s test, and chi square test with Yates
correction. n¼ 30 per group.

Rank 1
D4, administered by whole body inhalation at 700 or
900 ppm to estrous staged SD rats, for 6 h/day, for the 3 days
leading to proestrus, decreased the number of mated animals
that ovulated by 47%� and 61%� respectively (DCC 2002a,
2019; Quinn, Dalu, et al. 2007). In mated animals that failed
to ovulate, D4 at 700 ppm decreased LH surge levels at 6 PM
on proestrus by 44.4%� while D4 at 900 ppm decreased LH
surge levels at 4, 6, and 8 PM on proestrus by 33.4%�,
54.9%�, and 43.0%� respectively. Statistical analyses
employed were one-way ANOVA with Dunnett’s, Tukey’s, and
Kruskal–Wallis tests as needed. n¼ 20 or 30 per group.

Rank 1
D4, administered to F-344 female rats by whole body inhal-
ation for 6 h/day at 700 ppm from days �3 to þ3 of gesta-
tion decreased corpora lutea by 13.1%� (DCC 1999b).
Statistical analyses employed were two-tailed ANOVA with
Dunnett’s, Kruskal–Wallis, and Mann–Whitney U tests as
needed. n� 25 per group.

Rank 1
Female SD rats exposed to 700 ppm D4 by whole body inhal-
ation for 6 h on just the day before mating had increased
rates (4.3%�) of anovulatory matings (DCC 1999b; Meeks
et al. 2007).

Rank 1
Whole body inhalation exposure to D4 at 700 or 900 ppm for
6 h on the third day after the beginning of sc implant admin-
istration of E2 in OVX SD rats decreased peak LH levels to
below the minimum observed for the control animals in
40%� and 70%� of animals in the 700 and 900 ppm exposure
groups respectively (DCC 1998f). Statistical analyses
employed in this study were two-tailed ANOVA with
Dunnett’s t test. n¼ 4–50 per group. The use of E2 implants
in OVX rats provides evidence against any inhibitory action
of D4 on estrogen synthesis as a cause of reduced LH surge
peak levels.

Rank 1
In SD rats that became pregnant, whole body inhalation
exposure to D4 at 700 ppm for 6 h/day for 28 days prior to
mating and continuing until gestation day 20 did not signifi-
cantly decrease the level of the LH surge and did not affect
the number of corpora lutea that were produced (DCC
1995c, 1996, 2019; Meeks et al. 2007; Franzen et al. 2017).
However, these animals displayed decreased numbers
(#27.3%�) of live fetuses due to decreased numbers of
implantation sites (#21.5%�), increased numbers of pre- and
post-implantation losses, and increased numbers of implant-
ation sites not accounted for (implantations not producing a
fetus) ("2.43� fold).

Discussion of hypothesis 5 results
D4 in extended whole body inhalation studies, with F-344
rats, at 700 ppm resulted in nasal cavity lesions typical of a
mild irritant and the lungs showed alveolar histiocytosis and
focal interstitial inflammation (Jean and Plotzke 2017; DCC
2001). The chronic stress caused by large body burdens of
D4 and by inflammatory irritation in the nasal cavity and
lungs may be the cause of observed implantation decreases
and losses. Nasal cavity and lung irritants and their associated
stress responses have been shown to cause uterine implant-
ation deficits. Mice exposed to polluted air (particulate matter
and NO2) displayed decreased live litter sizes and increased
implantation failures versus clean air during early develop-
ment (Mohallem et al. 2005). Exposure of women to ambient
particulate matter in air (aerodynamic diameter � 10 lm)
during the pre-conceptional period and early pregnancy
showed a 2.6� fold increase in risk of miscarriage (Perin et al.
2010). Uterine endometria secrete a variety of cytokines and
other paracrine factors that have important functions in the
processes of implantation (Singh et al. 2011). Glucocorticoids
interfere with the synthesis, secretion, and actions of a num-
ber of cytokines including those involved in the processes of
implantation and maintenance of placental function
(Schimmer and Parker 1996). Disregulation of cytokines and
their functions leads to absolute or partial failure of implant-
ation and abnormal placental function (Guzeloglu-Kayisli
et al. 2009).

The effects of D4 administration on peak LH surge levels
are most likely due to stress-induced inhibition of GnRH
release from the hypothalamus. CRF, glucocorticoids and
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b-endorphin act in the brain to inhibit GnRH and LH release
(Rivier and Vale 1984; Gambacciani et al. 1986; Rivier and
Rivest 1991). Effects of D4 to inhibit GPER activation may also
contribute to these effects. Individual variations in LH surge
levels in the female rats in response to D4 can result in the
spectrum of effects noted for mating and ovulation. Those
animals with no or minimal reductions of LH surge levels
mated, ovulated normally, and became pregnant.
Intermediate reductions of LH surge levels did not affect mat-
ing but reduced ovulation. At the high end of this range the
number of corpora lutea was reduced and at the low end
there was no ovulation. Larger reductions of the LH surge
disrupted mating behavior.

Decreases in LH surge levels and stress-induced disregula-
tion of cytokines necessary for regulating implantation and
maintenance of placental function are sufficient to account
for the changes induced by D4. Therefore, the hypothesis
that D4 has sufficient magnitude of ability to upset the func-
tional activity of the endocrine system via direct effects on
the HPG is not supported.

Hypothesis 6: D4 has sufficient magnitude of ability to
upset the functional activity of the endocrine system via
a dopaminergic mode of action

Rank 1
In OVX F-344 rats, 24 h after reserpine-induced dopamine
depletion, D4 (700 ppm, 6 h nose only inhalation exposure)
completely� inhibited PRL release from the anterior pituitary
(DCC 2005a). D5 (160 ppm, 6 h nose only inhalation exposure)
inhibited PRL release from the anterior pituitary by 57%�. No
inhalation exposure with air only control was run.
Pretreatment with sulpiride (7.32� 10�5mol/kg), a dopamine
D2 receptor antagonist, completely reversed these effects.
Glucocorticoids stimulate the synthesis and release of dopa-
mine in the brain and this effect is likely sufficient to over-
come the dopamine depletion and explain the abilities of
both D4 and D5 to inhibit PRL release (Lewis et al. 1987;
Czyrak et al. 2003). Statistical analyses performed in this
study were one-way ANOVA with Shapiro–Wilk, Levene’s and
Kruskal–Wallis tests as needed. n¼ 6–10 per group.

Rank 2
D4 and D5 (administered at 1� 10�5 M as ethanol solutions)
completely blocked maitotoxin-induced PRL release from
pituitary tumor-derived MMQ cells in culture (DCC 2005b).
Dopamine (1� 10�5 M) also decreased PRL release from
these cells to levels below the controls. Dopamine (1� 10�5

M) interfered with the cell viability measures employed.
Maitotoxin administration decreased cell viability by 22% at
the lowest dose (1.5 ng/mL) but not at the highest dose
(3.0 ng/mL). There is no stress response involved in this sys-
tem. There were, however, numerous flaws in this study,
which substantially diminish its validity. Due to structural
considerations it is unlikely that both D4 and D5 are func-
tioning as dopamine D2 receptor agonists.

Rank 3
In a technical report from the Silicones Environmental, Health
and Safety Council there was no effect of D4 or D5 on
[125I]iodosulpiride binding to D2 receptors in isolated striatal
membranes from F344 rat brain (Baker 2010).

Based on these findings the hypothesis that D4 has suffi-
cient magnitude of ability to upset the functional activity of
the endocrine system via a dopaminergic mode of action is
not supported.

Discussion

D4, only at high doses (e.g. �300 ppm), exhibits weak ability
to interact with and stimulate the ERa receptor. It also has
weak ability to displace endogenous estrogens from this
receptor. Therefore, in situations where sensitivity to estro-
gens is high and endogenous estrogen concentrations are
very low some ERa-mediated effects, e.g. increases in some
uterine parameters, can be observed. Increases in some uter-
ine parameters are not, of themselves, adverse events. They
merely provide information on the potential ability of a
chemical to influence these sensitive estrogen-responsive
processes in a naïve animal.

Other possible, unconfirmed, effects of D4 on the endo-
crine system include interference with binding of thyroid hor-
mones to their carriers in the blood and displacement of
binding of estrogens and other steroids to their carriers and
other storage sites combined with stress-related enhance-
ment of conversion of endogenous androgens to estrogens.
The latter of these possibilities could represent an important
contribution to the ability of high dose D4 to influence some
ERa mediated processes. Humans have blood sex steroid hor-
mone binding proteins, which are absent in rats, and these
have substantially higher affinities for steroid hormones than
serum albumin the primary steroid hormone carrier in rat
blood. The affinity difference would make the human much
less susceptible to this possible mechanism for a D4 effect
on estrogen dependent processes relative to the rat. Even if
confirmed, these possible effects are indirect and not endo-
crine-mediated (Marty et al. 2018). No other endocrine sys-
tem-related effects have been found for D4.

The stress response serves to protect the female by pre-
venting or terminating pregnancy when stressful conditions
exist that would compromise the female’s ability to success-
fully bring a pregnancy to term. Virtually any chemical sub-
stance will produce a stress response if the body burden
approaches the limits that the organism or person can toler-
ate. This was the case in all of the high dose studies of the
effects of D4 and many of the biological actions that are pro-
duced only by high doses of D4 are most probably primarily
due to stress-related effects on the female reproductive sys-
tem. According to all of the regulatory definitions stress-
related effects cannot be classified as having an endocrine
mode of action.

Assuming proper manufacturing practices and adequate
ventilation in workplace environments, only low levels of D4
will be found in consumer products, the workplace, or the
environment. D4 can be degraded by a variety of
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mechanisms and, therefore, it has no ability to bio-accumu-
late or persist over the long term in the environment.
Exposure levels in the workplace or the environment are
unlikely to ever approach the NOEL for producing any of the
observed endocrine system-related actions.

Conclusions

This thorough, hypothesis driven, mechanistic review of the
data and endpoints reveals that D4, only at high doses, and
only in short term exposure studies in naïve animals (e.g.
�300 ppm for inhalational exposures), can cause alterations
in some uterine parameters with REs generally in the range
of 1–5� 10�6. Estrogen dependent development effects were
not observed in animals that had been chronically exposed
to D4. The large D4 concentrations required to produce any
measurable effects on uterine parameters are not found in
the workplace or in any other environment. Therefore, it is
highly unlikely that exposure to D4 at levels that humans or
creatures in the biosphere may be exposed to will be of suffi-
cient magnitude to produce any endocrine system-related
adverse effects.
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